The influence of tree spacing on the wood/bark ratio is unknown in young fastgrowing Eucalyptus trees. The objective of this study was to evaluate the effect of plant spacing on the wood and bark production along the Eucalyptus stem. Four genetic materials were planted in four spacings: 3×1 m, 3×2 m, 3×3 m and 3×4 m. Three 5-year-old trees from each clone and in each plant spacing were harvested. Cross-sectional discs (thickness: 30 mm) were cut from each tree along the stem (0%, 25%, 50%, 75% and 100% of the total tree height) and at 1.3 m above ground, totaling 288 disks (4 spacings × 4 clones × 3 replicates × 6 axial positions). The wood thickness was measured at six random and equidistant points around the perimeter using a gauge and means were calculated from each disc. Six cross diameters were measured for each debarked disc. After obtaining the averaged bark thickness and wood diameter, the bark content was calculated as the ratio between the surface area occupied by the bark and the total area of the stem in each level. In the narrowed plant spacing (3×1), the trees had a mean diameter of 7.4 cm, while at the spacing 3×4 the diameter of the trees was 91% higher (14.11 cm) at breast height. The increase in plant spacing from 3 to 12 m 2 per tree resulted in an increase in bark thickness (56.7%) from 1.94 mm to 3.04 mm, but caused a reduction of bark content (16%) from 9.66% to 8.11%. Our findings show that trees grown under wider spacing tend to produce thicker bark. The bark thickness and the effect of plant spacing on the bark thickness decreased in the base-top direction. The correlation between bark thickness and wood diameter increases from 0.682 to 0.825 with the increase of spacing between trees. In contrast, the bark thickness to bark content correlation decrease from 0.735 to 0.15 with increased plant spacing. The stand density significantly affected the variation of the stem diameter, bark thickness and bark content of Eucalyptus plantations.
Introduction
The area of planted forests in the world is equivalent to 264 million hectares (Scolforo et al. 2016) . In Brazil, the forest planta-tion surface reached 7.84 million hectares, with 72.3% being Eucalyptus and 20.15% Pinus in 2016 (IBA 2017) . The timber produced in Brazil is industrially used as raw material for pulp and paper, charcoal, solid products and engineered products. The industrial use of wood requires harvesting, handling and debarking processes resulting in huge amount of bark. According to Sette et al. (2018) the quantity of wood residues generated by forest-based industries in Brazil was estimated at approximately 13.8 million tons in 2016.
Tree barks are complex biomass components with a large structural and chemical diversity among species (Miranda et al. 2016) . It is made of lignocellulosic material with different functions in trees, including transport and storage of nutrients, and protection against environmental hazards (Reina et al. 2016 ). According to Neiva et al. (2018) the tree bark should be valued for two reasons: (i) large availability as byproducts or residues in wood-based industries; and (ii) intrinsic characteristics that include a large structural diversity and chemical richness, allowing multiple product target-ing and high potential value for biorefineries. Miranda et al. (2016) reported that bark has been used traditionally, e.g., as a source of drugs, materials and energy, and is today viewed as a potential resource for biorefineries. Most Brazilian pulp and paper industries use bark as an energy source due to its abundance and operational ease. However, alternative uses for the massive amount of inexpensive biomass waste have been proposed, e.g., as natural antioxidants (Vázquez et al. 2008 ) and antimicrobial agents (Weerakkody et al. 2011 , Parreira et al. 2017 . Several studies have demonstrated the potential use of bark as biosorbent for wastewater (Sarin & Pant 2006) and textile effluents (Morais et al. 1999) , including adsorbents in the form of activated carbon powder (Patnukao & Pavasant 2008) and hydrochar (Gao et al. 2016) . In short, the bark of trees can be used as low-cost adsorbents for the removal of heavy metals, organics, phosphate and pathogens. Regarding the alternative energy applications, several studies have evaluated the use of bark for biofuel feedstock production (Lima et al. 2013 , Romaní et al. 2018 ) and briquettes (Sette et al. 2018) . Neiva et al. (2018) assessed the potential of Eucalyptus bark as a biorefinery feedstock and suggested applying it in the food and pharmaceutical industries as well as for polysaccharides valorization.
Bark is important for the survival of the tree. According to Burger & Richter (1991) the bark has the function of protecting the plant against dryness, fungal attacks, mechanical injuries and climatic variations, in addition to the storage and conduction of nutrients provided by the phloem. Moreover, numerous medicines and important technological products have been obtained from the bark of forest trees and shrubs (Gottesfeld 1992) . Despite being physiologically important, the presence of bark is currently undesirable for most industrial applications. Trees produce large amounts of bark during their growth; in Eucalyptus globulus, the bark content varies from 15.2% for trees with 7 to 11 years of age (Ramírez et al. 2009 , Miranda et al. 2016 ) to 17.4% for 18-year-old trees (Miranda & Pereira 2015) .
It is well known that variations in silvicultural treatments and forest management strategies cause changes in tree growth and wood properties (Zobel & Jett 1995) . The effect of the plantation spacing on wood density has been widely investigated and many studies reported variable trends in Eucalyptus, as pointed out by Resquin et al. (2019) . However, the influence of plant spacing on bark production is not well established. According to Quilho & Pereira (2001) , the bark content is a relevant production parameter that accounts for an important percentage of the merchantable bole dry weight. Quilho & Pereira (2001) have evaluated within and between-tree variation of bark content in Eucalyptus globulus in Portugal and stated that bark thickness was higher in the site with better growth and always decreased from the tree base to the top. Miranda & Pereira (2015) have investigated variation in wood and bark characteristics in Eucalyptus globulus trees grown with different planting densities in Portugal and reported that bark content varied from 13.4 to 14.4% of the stem volume. In Brazil, Rocha et al. (2016) assessed the influence of plant spacing on wood and bark density in 7-year-old Eucalyptus hybrids grown in northern Minas Gerais, Brazil and concluded that trees at wider spacings (9 m 2 ) produce bark with greater density than at narrowed spacings (1.5 m 2 ). Rocha et al. (2018) evaluated the effect of different plant spacings on bark thickness and properties in Eucalyptus grandis × E. camaldulensis and reported that plant spacing positively affects bark properties. Martins et al. (2019) have quantified the macronutrients of 12-year-old Eucalyptus bark planted at three planting densities, concluding that higher plant density contributed to higher bark production and greater nutrient accumulation per area.
Overall, the aforementioned studies proved that growth conditions and tree physiology do influence wood and bark production and properties. However, further investigations are needed to fully understand the effect of plant spacing on wood and bark production in Eucalyptus clones. For example, it is necessary to throw light on how the bark thickness varies along the stem, from the base to the treetop, to adapt the forest management towards the optimum production of raw material. In this study, our starting hypothesis is that stand density greatly affects the variation of the tree diameter along stem, whereas the bark thickness remains uniform independent of the tree spacing. However, the combination of these two variables result in bark content variation in Eucalyptus plantations.
The objective of the present study was to evaluate the interaction between genetic material and plant spacing in the production of wood and bark and to evaluate the effect of plant spacing on the longitudinal variation of wood and bark production in Eucalyptus clones.
Material and methods

Plant material, planting density and disc sampling
We used commercial planted clones of Eucalyptus urophylla x E. grandis hybrids from a clonal test established by Suzano Papel e Celulose S.A. in the municipality of Itamarandiba, MG, Brazil (17° 51′ S, 42° 51′ W; elevation: 910 m a.s.l.). The average annual rainfall of the region is 1000 mm, with soil classified as Yellow Latosol. The material used in the study was managed for cellulose production.
Four different clones were planted in four plant spacings: 3×1 m, 3×2 m, 3×3 m and 3×4 m, resulting in stand densities of 3333, 1667, 1111 and 833 trees ha -1 , respectively. Three trees from each clone in each spacing were harvested at 5 years of age (totaling 48 trees).
Cross-sectional discs (thickness: 30 mm) were cut from each tree along the stem at different heights (0%, 25%, 50%, 75% and 100% of the total tree height) and at breast height (1.3 m), totaling 288 discs (4 spacings × 4 clones × 3 replicates × 6 longitudinal positions).
Determination of wood and bark production
Wood production was analyzed based on the debarked wood discs. The term "wood diameter" used hereafter refers to the diameter of the wooden disc, disregarding the bark. The wood discs were dried and sanded before analysis. The wood thickness was measured at 6 random and equidistant points around the perimeter using a gauge and means were calculated for each disc. Six cross diameters were measured for each debarked disc. After obtaining the averaged bark thickness and wood diameter, the bark content was calculated as the ratio between the area occupied by the bark and the total area determined as a function of bark thickness and wood diameter, as described in Silva et al. (2018) .
Statistical analysis
The software SPSS Statistics ® v.19 (IBM, Armonk, NY, USA) was used for descriptive statistics, analysis of variance and multiple comparison of means (Tukey test, α = 0.05). For the analysis of variance, the fourlevel spacing was considered as the source 
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Stand density effect on wood and bark variations along Eucalyptus stems of variation. The analyses were done separately for each height. Pearson's correlation coefficients were calculated between bark and growth characteristics of Eucalyptus clones at different planting densities.
Results and discussion
Effect of plant spacing on wood and bark growth in Eucalyptus plantations
Tab. 1 shows that the plant spacing significantly affected the variation of wood diameter, bark thickness and bark content at breast height (1.3 m) in Eucalyptus clones. In the narrowest plant spacing (3×1 m), the trees had a mean diameter of 7.4 cm, while at the widest plant spacing (3×4 m), the diameter of the trees was 91% higher (14.11 cm) at breast height. The increase in plant spacing from 3 to 12 m 2 per tree resulted in an increase in bark thickness from 1.94 mm to 3.04 mm (increase of 56.7%), but caused a reduction of bark content from 9.66% to 8.11% (reduction of 16%) in the trees of the plantations. These findings show that the tree stem diameter and bark thickness increase proportionally as the plant spacing increase, but the bark content of the trees decreases.
The bark content of 5-year-old Eucalyptus observed in this study is lower than that reported for older trees. For example, Ramírez et al. (2009) investigated fourteen 7year-old E. globulus clones grown in Chile, reporting an average bark content of 15.2% (range: 9.6 to 20.8%). Miranda et al. (2016) studied 11-year-old E. globulus trees grown in Portugal with an average bark content of 15.2%, varying from 9.6 to 23%. Miranda & Pereira (2015) have investigated E. globulus trees at 18 years of age and found a mean bark content of 17.4% of the total stem volume for second rotation trees and 13.8% for first rotation trees at the same age. Silva et al. (2018) assessed the variation in bark content and thickness of 4.5 year-old Eucalyptus and Acacia planted in pure and mixed stands. The bark content and bark thickness of Acacia trees in monoculture (47.5% and 1.32 cm) were approximately three times higher than those from mixed stand (15.2% and 0.51 cm). However, no effect was reported for Eucalyptus plantations.
Tab. 1 shows that the stand density simultaneously affects the stem diameter and bark thickness of Eucalyptus trees. However, the variation in stem diameter was influenced by stand density more than bark thickness. As these two variables are correlated, the bark content of trees can be controlled by the plant spacing in Eucalyptus plantations.
Plant spacing affects wood longitudinal variation and bark growth
Plant spacing significantly influenced the longitudinal variation of the wood diameter of Eucalyptus clones (Fig. 1) . Our findings show that the longitudinal variation of bark thickness is larger in the trees planted at wider spacings. In the most widely spaced plantation (833 trees ha -1 ), the mean diameter at the tree base was 15.83 cm, while in the most densely planted trees (3333 trees ha -1 ) it was lower by 47% (8.32 cm). The effect of spacing on stem diameter of trees decreased with height.
Variations in stand densities are known to influence the tree growth in various species. For instance, Niemistö (1995) has investigated the taper variation in trees of Silver Birch (Betula pendula) as a function of density in stands varying from 400 to 5000 trees, showing that stem taper (expressed as the difference in diameter between breast height and the height of 6.0m) decreases as stand density increases. Will et al. (2005) have studied intensively managed, 4-year-old loblolly pine (Pinus taeda L.) stands planted at different densities and reported that DBH declined from 9.1 to 6.3 cm as planting density in-creased from 740 to 4440 trees ha -1 . Gomat et al. (2011) studied the factors affecting stem taper variation in Eucalyptus grown in the Republic of Congo. According to their results, tree shape markedly changes between 1 and 2 years of age and from 3 years onwards, and the buttresses increase with stand age. However, planting density in the latter study (500, 700, 800, 1100 and 1300 trees ha -1 ) had no significant influence on the stem profile. In this study, the stand density was higher, ranging from 833 to 3333 trees ha -1 , and the difference in growth between clones was remarkable ( Fig. 1) . Fig. 2 shows the effect of plant spacing on the longitudinal variation of bark thickness and bark content in Eucalyptus clones. We found that trees grown at wider spacing tend to produce a thicker bark along the stem. The bark thickness and the effect of plant spacing on the bark thickness de- creased in the base-top direction (Tab. 1).
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Most studies that investigated the bark content of trees were based on the total bark content expressed as percentage of the total stem (Ramírez et al. 2009 , Miranda & Pereira 2015 , Miranda et al. 2016 . Quilho & Pereira (2001) in 15-year-old Eucalyptus globulus trees reported a mean bark content of 11% of stem dry weight, with higher values in the lower part of the stem (14% at 5% height level), decreasing to the 35% of height level (9%) and increasing again (but less) towards the top (12% at 75% height level). Quilho & Pereira (2001) reported a high bark thickness (6.5 to 9.8 mm) at the stem base which decreased towards the treetop (1.9 to 3.7 mm). We found no evidence in the literature on the longitudinal variation of bark thickness and bark content of Eucalyptus trees planted at different stand densities. Regarding the variation in bark characteristics with stand density, the longitudinal variation in bark density in trees at five different spacing was investigated by Miranda & Pereira (2015) . They reported that bark density was highest at the stump level (488 kg m -3 ), decreased along the stem up to 3.3 m (462 kg m -3 ) and then remained rather constant at an average of 465 kg m -3 . However, the authors did not report significant differences in bark density among trees within each stand density.
The variation in bark thickness along the stem depicted in Fig. 2 shows a pattern similar to those reported in earlier studies on Eucalyptus bark, even in older trees. For instance, Quilho & Pereira (2001) in 15-yearold E. globulus trees grown in Portugal reported a decrease in the average bark thickness from 9.8 mm at the base (5% of total tree height) to 3.7 mm at the top (75% of total tree height) under better growth conditions, and from 6.5 mm to 1.9 mm under worse conditions. In short, bark thickness was higher in the sites with better growth conditions and always decreased from the tree base to the top.
Correlations between wood and bark growth
Tab. 2 summarizes the correlation among wood diameter, bark thickness and bark content in Eucalyptus clones grown under different planting densities. The correlation between bark thickness and wood diameter increased from 0.682 to 0.825 as plant spacing increased from 3 × 1 m (3333 trees ha -1 ) to 3 × 4 m (833 trees ha -1 ). In contrast, the bark thickness to bark content correla-tion decrease from 0.735 to 0.15 as plant spacing increased (Tab. 2).
The variation in correlation between tree growth and proportion of bark is due to the combination of different axial variation rates of bark thickness and stem diameter. As stated by Quilho & Pereira (2001) , the bark thickness at the stem base is higher, thus its increase mostly determines the whole-tree bark content, while towards the treetop the wood diameter decreases more dramatically than bark thickness, thereby increasing the proportion of bark.
The correlation between bark and tree growth characteristics has been previously neglected in similar studies and the trend along the stem of the bark-growth relationship are unknown. However, Eucalyptus bark has been recently claimed as a novel source of biomass for sustainable production of biofuels (Romaní et al. 2018 ) and the use of bark from the pulp industry for energy production will be reduced over time. According to Neiva et al. (2018) the industrial bark accumulated at mill yards from the harvesting, handling and debarking processes and these residues can be directed to other uses, if proved to be more profitable.
Effect of stand density on wood and bark productivity
Tab. 1 shows that plant spacing affects the wood and bark growth of forest plantations, especially in the lower part of the stem. However, it is important to note that the widely spaced plantations had more biomass per tree, though the overall production per hectare is lower as pointed out by Miranda & Pereira (2015) . The effect of stand density on wood and bark productivity per tree and hectare is presented in Tab. 3. Wood and bark productivity per individual tree and per hectare were calculated based on the cross-section area at the base of the stem (Tab. 3).
As for the productivity per tree, wider plant spacing tends to yield larger trees with more bark. Tab. 2 shows that at 4×3 m spacing the production of wood (~ 197 cm²) and bark (~ 17 cm²) per tree is 2.6x and 1.7x higher, respectively, than for the same clones planted at 1×3 m spacing. On the other hand, considering the productivity per hectare, trees growing at higher density produce 10.4% more wood (16.4 m 2 ha -1 at 4×3 m and 18.1 m 2 ha -1 at 1×3 m) and 47.7% more bark (1.42 m 2 ha -1 at 4×3 m and 2.10 m 2 ha -1 at 1×3 m spacing).
The above analysis has considered only the area occupied by wood and bark at the stem base and disregards the fact that tree height is different among the different planting density, which will influence the productivity of wood and bark per tree and per hectare. This analysis allows us to reflect on how the spacing affects the production of wood and bark in the lower part of the stem aiming, for example, at the multiple use biomass as wood for saw mills or lamination.
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Stand density effect on wood and bark variations along Eucalyptus stems
In addition to wood and bark yield per tree and per hectare, other factors should be taken into account to establish the optimal spacing for production plantations. For example, the cost of planting, maintainance and harvesting varies according to stand density. According to Niemistö (1995) there is no advantage in exceeding the initial density of 2500 trees per ha in Silver birch (Betula pendula) plantations. In this study, the most adequate density in terms of wood and bark production is still the traditional density of 1100 to 1700 trees per hectare established for most of the forest plantations of pulp and paper companies.
Conclusions
Our results confirm that stand density simultaneously affects tree stem diameter and bark thickness in Eucalyptus plantations; conversely, the bark content of trees can be controlled by choosing an appropriate plant spacing. At broader plant spacing, the mean diameter at breast height was 91% higher than that observed at narrower plant spacing. Trees grown in broader plantations tend to produce a thicker bark. Increasing the stand density led to a 56.7% increase in bark thickness, but caused a reduction of bark content of 16% at the breast height. The bark thickness and the effect of plant spacing on bark thickness decreased in the base-top direction. The correlation between bark thickness and wood diameter increases with increased plant spacing. Considering the productivity per single tree, wider spacing tends to produce larger trees with more bark.
